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Abstract 
The activity of cytochrome-c oxidase [E.C. 1.9.3.1] and b-c 1 complex [E.C. 1.10.2.2.] and the content of cytochromes b, c + c I and 
a + a 3 in human skeletal muscle mitochondria from orthopaedic patients (108 women and 68 males), of age ranging between 10 and 90 
years, have been analyzed. The activity of cytochrome c-oxidase declines with age both in females and males. The activity of b-cj 
complex, which in young females is significantly higher than in young males, declines harply in females, but not in males, with ageing. 
These results reveal that the content of active b-c 1 complex in muscle mitochondria is specifically controlled by female sex hormones. 
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1. Introduction 
An epidemiological study of. the content and activity of 
respiratory enzymes in human skeletal muscle mito- 
chondria of orthopaedic patients of different ages is being 
carried out by our group. The mitochondrial respiratory 
chain is composed of three oligomeric redox enzymes: 
complex I (NADH-ubiquinone oxidoreductase), complex 
III (ubiquinol-cytochrome-c oxidoreductase) and complex 
IV (cytochrome-c oxidase) [1]. Results from 63 subjects, 
exempt from overt symptoms of neuromuscular disease, 
allowed us to set up a collection of reference standard 
values, for the activities of respiratory complexes and 
content of cytochromes ([2]; see also Refs. [3-8]). Our 
data show a statistically significant decrease with ageing of 
mitochondrial respiratory activity with pyruvate plus 
malate, succinate and ascorbate plus TMPD. This pattern 
is associated with an equally significant decrease with age 
of the enzymatic activity of complex I, II (succinate dehy- 
drogenase) and IV. No significant decrease with age was, 
Abbreviations: UQH2-cyt.c reductase, ubiquinol-cytochrome-c oxido- 
reductase; COX, cytochrome-c oxidase; TMPD, N,N,N',N'tetramethyl- 
p-phenylenediamine; SDS, sodium dodecyl sulphate; PAGE, polyacryl- 
amide gel electrophoresis. 
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on the contrary, evident in the activity of the b-c~ com- 
plex, when the measurements for males and females were 
pooled together, although a decrease in the content of 
cytochrome b was observed [2]. The results of the present 
study, extended to 176 subjects, reveal that in females, but 
not in males, ageing is associated also with a significant 
decrease in the activity of the mitochondrial b-q complex 
and in the content of cytochrome b. The activity of 
cytochrome-c oxidase, on the other hand, declines with 
age both in males and females. 
2. Materials and methods 
2.1. Chemicals 
Bovine serum albumin, horse heart cytochrome c (type 
VI), rotenone, antimycin A, tricine and bis-Tris were 
purchased from Sigma. Dodecyl maltoside (n-dodecyl fl- 
D-maltoside) was obtained from Calbiochem. 6-Amino- 
caproic acid was obtained from Fluka. Ammonium persul- 
fate, acrilamide-bisacrilamide (H,H'-methylene-bis- 
acrylamide) and TEMED (N,N,N',N'-tetramethyl-ethylen- 
ediamine) were from BIORAD. Serva Blue G (Coomassie 
Blue G-250) was from Serva. Durohydroquinone (from K 
and K Laboratories) was dissolved in absolute thanol and 
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used within 4-5 h. All other reagents were of the purest 
grade commercially available. 
2.6. Spectrophotometric determination of cytochrome con- 
tent 
2.2. Collection of specimens 
Skeletal muscle biopsy samples (0.7-1 g) were ob- 
tained, with informed consent, from proximal vastus later- 
alis of patients, who underwent routine orthopaedic surgery 
under general anesthesia nd were immediately processed 
for mitochondria preparation. The patients were free from 
overt symptoms of neuromuscular disease. 
2.3. Preparation of human skeletal muscle mitochondria 
The muscle was homogenized in a medium containing: 
100 mg wet weight tissue/ml, 250 mM sucrose, 2 mM 
EDTA, 10 mM Tris-HCl and 50 U heparin/ml, final pH 
7.4. Mitochondria were isolated according to Bookelman 
et al. [9]. Mitochondrial proteins were determined as in 
[10]. 
For evaluation of cytochromes, difference spectra of 
cytochromes were recorded in a Lambda 5 Perkin-Elmer 
UV/Vis spectrophotometer, at room temperature, after 
reduction of cytochromes with 20 mM succinate in the 
presence of 2 mM KCN, as reported by Bookelman et al. 
[9]. Both the reference and the sample cuvette (optical 
pathway 1.0 cm) were filled with a suspension containing 
0.3-0.4 mg of mitochondrial proteins in 1.6 ml of 75 mM 
potassium phosphate buffer (pH 7.4), 187 mM KCI, 20 
mM Tris-HCl, 4 mM EDTA, 5 mM MgCI 2. To calculate 
the mitochondrial cytochrome content, the following ex- 
tinction coefficients were used: cytochrome a + a 3, Ae 
mM at 605-630 nm = 14, cytochrome b, Ae mM at 
562-575 nm=20 and cytochrome c+c t, Ae mM at 
550-540 nm = 19.1. 
2.7. Two-dimensional natiL, e electrophoresis analysis 
2.4. Measurement of cytochrome-c reductase acti~,ity 
The ubiquinol-cytochrome-c reductase activity was 
measured in frozen-thawed mitochondria (5 /~g 
proteins/ml) in a medium containing 50 mM potassium 
phosphate buffer (pH 7.4), 2 mM KCN and 10 p,M 
ferricytochrome c. The reaction was started by the addition 
of 30/zM duroquinol. Enzymatic activity was measured at 
37°C following the rate of reduction of ferricytochrome c 
[2]. 
Mitochondrial proteins (200 p.g) were separated under 
both non-denaturating (native) and denaturating (SDS) 
conditions. Particularly, the blue native electrophoresis, n 
the first dimension, was performed as described in Ref. 
[11], the denaturating Tricine-SDS PAGE, in the second 
dimension, as described in Ref. [12]. The denaturating gel 
was stained with Silver. Densitometric quantification of 
the b-c I complex proteins was performed with a CAMAG 
TLC Scanner II and a D2500 Cromato integrator, Merck 
Hitachi. 
2.5. Measurement of cytochrome-c oxidase acti~'i~ 
Cytochrome-c oxidase activity (E.C. 1.9.3.1.) was esti- 
mated on frozen and thawed mitochondria (5 p,g 
proteins/ml) in 50 mM potassium phosphate buffer (pH 
7.4) at 37°C. Reaction was started by the addition of 10 
p,M ferrocytochrome c [2]. 
3. Resul ts  
In Fig. 1 and Table 1 the results of a statistical linear 
regression analysis of the activity of the b-c~ complex 
(complex III) in mitochondria from muscle biopsies of 68 
males (Fig. 1 A) and 108 females (Fig. 1 B) of ages varying 
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Fig. I. Statistical analysis of the activity of ubiquinol-cyt.c reductase (complex III) in human skeletal muscle mitochondria s a function of age in males 
(A) and in females (B). The specific activity of complex III was measured as specified in Section 2 and is expressed in mU/mg prot. (mU = nmol - min-  ] ). 
The correlation coefficients and statistical significances obtained from the plots are reported in Table 1. For other experimental details see Section 2. 
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Fig. 2. Statistical analysis of the activity of the cytochrome-c oxidase (complex IV) in human skeletal muscle mitochondria as a function of age in males 
(A) and in females (B). The correlation coefficients and statistical significances obtained from the plots are reported in Table 1. For other experimental 
details see Section 2 and legend to Fig. 1. 
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Fig. 3. A: Statistical analysis of cytochrome contents of human skeletal muscle mitochondria as a function of age in male subjects. Cytochrome contents 
were obtained from difference spectra s described in Section 2. The correlation coefficients and statistical significances obtained from the plots are 
reported in Table 2. For other experimental details see Section 2. B: Statistical analysis of cytochrome contents of human skeletal muscle mitochondria as a 
function of age in female subjects. For other experimental details see Section 2. 
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Fig. 3 (continued). 
lOO 
from 10 to 90 years are presented. Both in females and 
males the measured values of  the activity of  the b-c~ 
complex  were apparent ly quite scattered. Statistical analy- 
sis of  the data, carr ied out by plott ing the specif ic values of  
b-c~ activity as a funct ion of  age, shows, however,  in the 
females a s ignif icant negat ive correlat ion between b-c I 
activity and age, which is not observed in males. The same 
statistical analysis carr ied out for the activity of  cy- 
tochrome-c  oxidase (complex IV) shows, on the other 
hand, that the activity of  this enzyme decl ined with age 
both in males and females (Fig. 2 and Table 1). Statistical 
analysis of  the mitochondr ia l  content  of  cytochromes shows 
Table 1 
Correlation coefficients (r) and statistical significances (P) of age-depen- 
dent changes of b-Q complex and cytochrome-c oxidase activity in 
human skeletal muscle mitochondria 
Redox complex n r P 
Males 68 0.072 N.S. 
UQH 2-cyt-c reductase 
Females 108 - 0.369 < 0.001 
Males 66 - 0,250 < 0.05 
Cytochrome-c oxidase 
Females 108 -0.403 < 0.001 
The values were obtained applying the linear regression analysis to the 
experimental data presented in Figs. 1 and 2. For experimental details ee 
Section 2 and legend to Fig. 1. 
n, number of subjects. 
Table 2 
Correlation coefficients (r) and statistical significances (P) of age-depen- 
dent changes of the cytochrome content in human skeletal muscle mito- 
chondria 
Cytochromes n r P 
a + a~ Males 45 -0.138 N.S. 
Females 58 - 0.238 N.S. 
b562 Males 43 - 0.046 N.S. 
Females 57 - 0,391 < 0.001 
c + ('r Males 47 -0,175 N.S. 
Females 57 - 0.255 N.S. 
The values were obtained applying the linear regression analysis to the 
experimental data presented in Fig. 3. For experimental details see 
Section 2, Table 1 and legend to Fig. 3, 
n, number of subjects. 
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Table 3 
Ubiquinol-cytochrome-c reductase and cytochrome-c oxidase activity, measured in young (17-29 years) and old (66-77 years) subjects 
Ubiquinol-cyt. c reductase (mU/mg prot.) Cytochrome c oxidase (mU/mg prot.) 
Males Females Males Females 
n m s.d. % n m s.d. % n m s.d. % n m s.d. % 
Young 13 338 127 10 582 197 13 703 326 11 612 208 
Old 13 379 162 +12 36 317 144 -46  14 506 186 -28  37 344 207 -44  
For other experimental details see Section 2 and legend to Fig. I. 
n, number of subjects; m, mean value; s.d., standard eviation, % percentage change, 
that the content of cytochromes a + a 3 and cytochromes 
c + cj does not exhibit any change with age either in males 
or females (Fig. 3 and Table 2). The content of cy- 
tochrome b shows, on the contrary, a significant decrease 
in females but not in males. 
In Table 3, a comparison of the activities of b-cj 
complex and cytochrome-c oxidase in groups of young 
(17-29 years) and old (66-77 years) females and males is 
presented. Whilst the activity of cytochrome-c oxidase is 
in young females somewhat lower than in young males, 
the specific activity of the b-cl complex is significantly 
higher (+72%) in young females than in males. In old 
females the activity of b-c~ complex was reduced to 50% 
of that measured in young females. In old males there was, 
on the contrary, no decrease in the activity of the b-c~ 
complex as compared to young males. The activity of 
cytochrome-c oxidase decreased, practically to the same 
extent, in old males and females as compared to young 
subjects. 
In Table 4 the specific activities of the b-c~ complex 
and the content of b cytochrome in acute (patients under- 
going emergency surgery) and chronic (subjects with last- 
ing reduced mobility) adult males and females are com- 
pared. It can be seen that in chronic patients reduced 
mobility did not result in any decrease in the specific 
activity of b=c~ complex and cytochrome b content either 
in males or in females. 
Fig. 4 shows the SDS PAGE of the b-c 1 complex 
separated by a first blue native gel electrophoresis [11] of 
mitochondria isolated from bovine heart (lane 1), skeletal 
muscle of a 56-year-old female (lane 2), muscle of a 
65-year-old (lane 3) and 66-year-old male (lane 4). The 
densitometric analysis of the gel is presented in Fig. 5. The 
electrophoretic pattern of the subunits of the b-c 3 complex 
shows that in the female (lane 2), who had a depressed 
specific activity of the b-c~ complex (336 mU •mg prot.- 1 ) 
as compared to the male (465 mU • mg prot. ~, lane 4) (cf. 
Table 3), the area of the cytochrome b band was much 
smaller than in the male. The area of the electrophoretic 
bands corresponding to cytochrome c~, FeS-protein and 
core proteins were apparently the same in the male and 
female. 
4. Discussion 
A previous study from our laboratory, based on the 
analysis of a pool of 63 males and females, showed a 
decrease with ageing in the activity of complex I, II and IV 
in human skeletal muscle mitochondria ([2], see also Refs. 
[3-8]). No significant change in the activity of the b-c~ 
complex was, on the other hand, evident from the pooled 
measurements, although a small decrease in the content of 
cytochrome b was apparent [2]. The large number of 
subjects analyzed now, 108 women and 68 men, has 
allowed us to extend our study and to examine the sex 
dependence of age-linked ecline of respiratory enzymes 
in human skeletal muscle mitochondria. The present data 
show that the activity of complex IV declines with ageing 
both in females and males. The decrease in the activity of 
the oxidase is not accompanied by any significant decrease 
in the content of heroes a-a 3 (cf. Ref. [2]). Thus it cannot 
be ascribed to a depressed expression of subunit I, which 
binds the hemes and is encoded, together with subunits II 
and III, by the mitochondrial genome [14]. 
Table 4 
Ubiquinol-cytochrome-c reductase activity and cytochrome b content measured in acute and chronic old (66-77 years) subjects 
Ubiquinol-cyt.c reductase (mU/mg prot.) Cytochrome b (pmol/mg prot.) 
Males Females Males Females 
n m s.d. % n m s.d. % n m s.d. % n m s.d. % 
Acute 5 349 136 11 316 93 2 189 20 5 150 69 
Chronic 8 417 165 +19 20 328 158 +4 3 202 88 +7 9 160 48 +7 
For other experimental details see Section 2 and legends to Figs. 1 and 2. 
n, number of subjects; m, mean value; s.d., standard eviation, % percentage change. 
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Fig. 4. SDS PAGE of b-c I complex separated by a first blue native gel 
electrophoresis [11] of mitochondria isolated from bovine heart (lane l), 
skeletal muscle of a 56-year-old female (lane 2), muscle of a 65-year-old 
(lane 3) and 66-year-old male (lane 4). For comparison the SDS PAGE of 
b- G complex purified from bovine heart mitochondria [13] is also 
presented (lane 5). The pieces of the gels obtained in the first blue native 
gel electrophoresis were cut and applied on a 16.5% polyacrylamide gel 
for SDS PAGE [12]. After electrophoresis, the gel was stained with silver. 
For experimental details see Section 2. 
Old subjects, showing a much depressed oxidase activ- 
ity, also exhibited an increase in the percentage content of 
the common mitochondrial DNA 4977-bp deletion ([15], 
cf. Refs. [16,17]). The highest level of this deletion was, 
however, not higher than 0.3% [15]. It is possible that the 
defect of complex IV is the cause rather than the conse- 
quence of the increased number of deleted mitochondrial 
DNA molecules in old subjects. It is thought that an 
enhanced level of oxygen radicals represents one of the 
major causes, in ageing, of damage of nucleic acids, 
proteins and membrane phospholipids [18-20]. Cy- 
tochrome c and cytochrome-c oxidase would represent a
most effective system for the oxidation of oxygen superox- 
ide, which is produced at the level of the b-q complex 
[21]. A diminished activity of the oxidase would result in 
an enhanced concentration of O 2 and of O2- in mito- 
chondria which can produce oxidative damage of mtDNA 
[18,19,22]. 
As far as the b-c I complex (complex III) is concerned, 
the results of the present statistical analysis reveal that in 
females, a marked decrease in the activity of the b- G 
complex and in the content of cytochrome b occurs in 
skeletal muscle mitochondria, that is not observed in males. 
Cytochrome b is the first largest protein of the three 
conserved subunits of b-c I complexes [23]. In the mam- 
malian enzyme, which is made up of 11 subunits [24], 
cytochrome b is the only one to be encoded by the 
mitochondria] genome [14]. The structural gene coding for 
cytochrome b is located in the H strand of mtDNA, near 
the major control region delineated by the displacement 
(D-loop) and is affected in some mtDNA deletions ob- 
served in human neuromuscular diseases [17]. The decline 
observed in females with ageing, together with the obser- 
vation that the activity of the b-Cl complex is in young 
females significantly higher than in young males, would 
indicate that the content of cytochrome b in mitochondria 
and of an active b-Q complex is directly or indirectly 
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Fig. 5. Densitometric analysis of lanes 2, 4 and 5 of the gel shown in Fig. 
4. The numbers on the traces indicate gers scanning times. For experi- 
mental details see Section 2 and legend to Fig. 4. 
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controlled by female sex hormones. It will be of interest to 
verify at which level (expression and/or post-translational 
events) this control is exerted. 
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